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Graphyne, a new type of carbon allotropes, has attracted considerable attention in recent years.
Using molecular dynamics simulations, we investigate the mechanical properties of four different
graphynes (a-, b-, c-, and 6,6,12-graphynes) functionalized with hydrogen. The simulations results
show that hydrogenation can greatly deteriorate the mechanical properties of the graphynes. For
the different graphynes with 100% H-coverage, the reduction in fracture stress depends on the
percentage of acetylenic linkages in the graphyne structures: The more the acetylenic linkages,
the larger the reduction. For the same graphyne, the reduction in fracture stress depends on the
hydrogenation location, distribution, and coverage. Hydrogenation on the acetylenic linkages
causes a larger reduction in fracture stress than that on the hexagonal rings. A line hydrogenation
perpendicular to the tensile direction leads to a larger reduction in fracture stress than that when the
line hydrogenation is parallel to the tensile direction. For random hydrogenation, the fracture stress
and Young’s modulus decrease rapidly at low H-coverage (<10%), and then level off with
increasing coverage. The reduction in the mechanical properties due to hydrogenation is found to
be related to the formation of weakened out-of-plane C-C bonds, which leads to earlier breaking
of those bonds and subsequent fracture of the graphynes. The present study not only offers an
in-depth understanding in the mechanical properties of hydrogenated graphynes and their fracture
mechanisms but it also presents an important database for the design and practical applications of
hydrogenated graphynes.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818623]
I. INTRODUCTION
Along with the tremendous attention on graphene after
its discovery in 2004,1–3 efforts have been made to study its
less-known sister materials: graphyne or graphdiyne. Unlike
graphene as shown in Fig. 1(a), graphyne is a single layer of
carbon atoms containing not only sp2 but also sp hybridized
bonds. Although the presence of sp hybridized bonds
destroys the regular hexagonal crystal lattice of graphene,
the two different types of bonds allow for the formation of
graphyne with different geometries.4–11 Figs. 1(b)–1(e) show
four different graphynes, namely a-, b-, c-, and 6,6,12-graph-
yne. These graphynes differ from one another with respect to
the percentage of acetylenic linkages (-CC-) in their atomic
structures (see Table I).
The presence of acetylenic linkages in graphyne introdu-
ces a variety of interesting properties and potential applica-
tions. Like graphene, graphyne has been shown to have
novel electronic and optical properties11–16 and could be
used in nanoelectronics and nanodevices. In addition, some
types of graphyne have more amazing electronic properties
than graphene. For example, 6,6,12-graphyne shows
direction-dependent electronic properties,11 which could be
used to design a variety of electronic components for proc-
essing one-way current. Apart from the studies on the elec-
tronic and optical properties of graphyne, efforts have been
made to characterize its mechanical properties. Recently,
Cranford et al.17 performed an atomistic simulation study on
c-graphyne (see Fig. 1(d)) and reported that its fracture
behaviour exhibits a strong anisotropy. They also studied the
mechanical behaviour of c-graphyne with additional acety-
lene repeats.18 Using first-principle calculations, Kang
et al.12 showed that c-graphyne is mechanically much
weaker than graphene. Shao et al.19 demonstrated that the
Young’s modulus and strength of c-graphyne are more sensi-
tive to temperature than graphene. More recently, Zhang
et al.20 investigated the mechanical properties of different
types of graphyne using molecular dynamics (MD) simula-
tions. They found that these graphynes have much lower
fracture strength and Young’s modulus than graphene. The
deterioration in mechanical properties was attributed to the
lower atom density in graphynes and weaker single-bonds in
the acetylenic linkages.
For the electronic applications of graphene and graph-
yne, a wide band gap is necessary. Hydrogenation of gra-
phene has been widely adopted to open the band gap of
graphene.21–23 Hydrogenation can also be used to modify the
electronic properties of graphynes. Recently, Tan et al.24
revealed that the band gap of hydrogenated graphyne can be
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tuned in a wide range by changing the hydrogenation cover-
age. It is well known that hydrogenation can significantly
affect the mechanical properties of graphene25 and carbon
nanotubes.26 However, little is known about the effect of
hydrogenation on the mechanical properties of graphynes.
Therefore, it is both interesting and important to know how
hydrogenation affects the mechanical properties of different
types of graphynes. In this paper, we perform systematic MD
simulations to study the mechanical properties of hydrogen-
ated graphynes, focusing on the effects of location, distribu-
tion, and coverage of hydrogenation on the Young’s
modulus, fracture stress, and fracture strain of different types
of graphynes.
II. SIMULATION MODELS
The simulation models of graphynes and graphene are
approximately a squared shape with a side length of around
10 nm. By using graphene as the reference, its zigzag and
armchair edges are oriented along the x and y directions,
respectively (see Fig. 1). All the MD simulations are car-
ried out by using the software package LAMMPS.27 The
adaptive intermolecular reactive empirical bond order
(AIREBO) potential28 is used to describe the interatomic
interactions. Uniaxial tensile loading is applied along the x
or y direction at the constant strain rate of 0.0005 ps1
with a time step of 0.5 fs. The system temperature is con-
trolled at 300 K using the Nose-Hoover thermostat.29,30
Periodic boundary conditions are applied in the xy plane so
as to eliminate edge effects. In order to avoid an abrupt
increase in tensile force when C-C bonds are stretched
beyond 1.7 A˚, the cutoff parameter in the switching func-
tion of the AIREBO potential is increased from 1.7 to
2.0 A˚.31
The atomic stress r of each atom is given by32–35
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where i and j denote indices in the Cartesian coordinate
system; a and b are the atomic indices; ma and ta denote the
mass and velocity of atom a; rab is the distance between
atoms a and b; fab is the force between atoms a and b; and
Xa is the atomic volume of atom a. The stress-strain curve
during the tensile deformation is obtained by averaging all
the atomic stresses in the sheet. In addition to averaging over
all the carbon atoms, the atomic stress is also averaged over
a small time interval of 500 time steps to mitigate the stress
fluctuations induced by thermal fluctuations. The atomic
volume of a carbon atom is computed from the volume of an
initial relaxed sheet divided by the number of carbon atoms
in the sheet. The thickness of the sheet is assumed to be
3.35 A˚.20
III. RESULTS AND DISCUSSION
A. Fully hydrogenated graphynes
First, we study the fully hydrogenated structures where
the graphene and graphynes are 100% hydrogenated, i.e.,
each carbon atom in the structures is functionalized with one
H atom, and any two adjacent H atoms are located on the
opposite sides of a sheet (see the insets in Fig. 2). Note that
the graphene with 100% H-coverage is called graphane.36
We apply a tensile deformation in the y direction on the pris-
tine graphene and graphynes and their 100%-hydrogenated
counterparts. For a better view of the results, only four
stress-strain curves are plotted in Fig. 2, while the other
results are presented in Table I. Fig. 2 clearly shows that hy-
drogenation significantly affects the stress-strain curves and
the mechanical properties. For the un-hydrogenated struc-
tures, it can be seen from Table I that pristine graphene
TABLE I. Fracture stresses and strains of graphynes and graphene with and without hydrogenation.
Fracture stress (GPa) Fracture strain
Model
Acetylenic
linkage (%)
Atom density of
structure (atoms/nm2) H-0% H-100%
Reduction in
stresses (%) H-0% H-100%
Reduction in
strains (%)
a- 100 19.12 33.39 10.01 70.00 0.152 0.101 12.37
b- 66.67 23.24 38.11 14.77 61.24 0.126 0.088 19.54
6,6,12- 41.67 27.81 38.34 16.49 56.99 0.109 0.081 21.54
c- 33.33 28.92 50.25 22.20 55.83 0.111 0.081 24.09
graphene 0 36.08 104.46 35.44 66.07 0.140 0.095 29.93
FIG. 1. Atomistic models of graphene
and four different types of graphyne.
(a) Graphene. (b) a-graphyne. (c) b-
graphyne. (d) c-graphyne. (e) 6,6,12-
graphyne.
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possesses the highest fracture stress, followed by c-, 6,6,12-,
b-, and a-graphyne. For the 100% hydrogenated structures,
the same trend is also observed: graphane possesses the high-
est facture stress, followed by the hydrogenated c-, 6,6,12-,
b-, and a-graphyne. Although the fracture stresses of the
hydrogenated structures follow the same trend as that of the
un-hydrogenated ones, the degree of reduction in fracture
stress is different for different hydrogenated structures. The
hydrogenated a-graphyne shows the highest reduction (70%)
in fracture stress, followed by b-graphyne (61% reduction),
6,6,12-graphyne (57% reduction), and c-graphyne (56%
reduction). It is seen from Table I that the a-graphyne has
the highest percentage (100%) of acetylenic linkages, while
the c-graphyne has the lowest percentage (33%) of acety-
lenic linkages. Clearly, the amount of reduction in fracture
stress is closely related to the percentage of the acetylenic
linkages in their structures. It was shown previously that
bond breaking occurs at the acetylenic linkages in un-
hydrogenated graphynes.20 This means that the acetylenic
linkages are the critical locations in graphynes. Therefore,
the higher percentage of acetylenic linkages in a graphyne
structure, the stronger effect of the hydrogenation on the
fracture stress of the graphyne. We also performed simula-
tions with tension along the x direction, the same trend of
reduction in fracture stress is also observed, i.e., the hydro-
genated a-graphyne shows the highest reduction in fracture
stress, followed by hydrogenated b-graphyne, 6,6,12-graph-
yne, and c-graphyne.
In the following analysis, we take c-graphyne as an
example to explore the effects of location, coverage, and dis-
tribution of hydrogenation on the mechanical properties of
graphyne.
B. Effect of hydrogenation location
It can be seen in Fig. 1 that c-graphyne contains sp2
hybridized hexagonal rings as well as sp hybridized acety-
lenic linkages. We seek to know whether an H atom func-
tionalized at different locations of the structure will exert a
different effect on the mechanical properties. Fig. 3(a) shows
four different functionalization sites. Locations 1 and 4 are
on an acetylenic linkage, while locations 2 and 3 are on a
hexagonal ring. Another difference between these sites is
that the carbon atoms 1 and 2 are highly stressed if a tensile
loading is applied on the graphyne in the direction that is
parallel to this linkage, which can be seen in Fig. 3(a) with
the colours representing different stress levels. The obtained
stress-strain curves of the c-graphyne with a single H atom
functionalized on one of the four sites are shown in Fig. 3(b).
It can be seen that these single-atom hydrogenations have
little effect on the Young’s modulus of the graphyne.
However, they do influence the fracture stress and fracture
strain. When the H atom is placed at site 1 or site 2, the
hydrogenation causes a significant reduction in the fracture
stress and strain; while there is a very small effect when the
H atom is located at site 3 or site 4. A possible reason is that
during tensile loading, sites 1 and 2 are the critical locations,
where the atomic stresses are high. Therefore, the hydrogen-
ation strongly influences the fracture stress. In contrast, sites
3 and 4 are not the critical locations, and therefore hydrogen-
ation has very small effect on the fracture stress. Besides,
Fig. 3(b) displays that hydrogenation on sites 1 and 4 (on the
acetylenic linkage) has somewhat stronger effect than on
sites 2 and 3 (on the hexagonal ring), respectively, indicating
that hydrogenation on an acetylenic linkage has a slightly
stronger effect than that on a hexagonal ring, provided that
the two sites experience a similar stress level during tensile
loading. This result is consistent with the fact that the
FIG. 2. Stress-strain curves of c-graphyne and graphene with and without
hydrogenation.
FIG. 3. (a) Stress distribution in pure c-graphyne under tension; atoms 1, 2,
3, and 4 are typical sites for hydrogenation. (b) Stress-strain curves of
c-graphyne with one H atom functionalized on the carbon atom 1, 2, 3, and
4, respectively.
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acetylenic linkages are the critical sites prone to fracture in a
pure graphyne.20
In order to shed more light on the underlying mechanism
for the reduction of fracture stress due to hydrogenation, we
take a closer examination on the two cases, where one H
atom is placed at site 1 and the other at site 2. Figs. 4(a) and
4(b) show the relaxed structures with one H atom placed on
site 1, where the hydrogenation leads to a change in local
C-C bond character from in-plane sp to out-of-plane sp2.
When the H atom is placed at site 2, the relaxed structures in
Figs. 5(a) and 5(b) show that local C-C bond character
changes from in-plane sp2 to out-of-plane sp3. Therefore, hy-
drogenation on the graphyne sheet results in an out-of-plane
deformation of local C-C bonds, similar to that in hydrogen-
ated graphene.21,25 These out-of-plane bonds are one layer
only and could not form a 3D bond network such as the mul-
tilayer sp3 bonds in diamond structure. Therefore, there is no
restriction to the rotation of these out-of-plane C-C bonds
towards the in-plane direction during tensile deformation. As
a result, these single layer out-of-plane bonds are weaker
than the original in-plane bonds: lower Young’s modulus
and lower fracture stress. Thereby, earlier bond breaking is
observed at the hydrogenation location as shown in Figs.
4(c) and 4(d) for hydrogenation on site 1 and in Figs. 5(c)
and 5(d) for hydrogenation on site 2. A detailed study on
the behaviour of in-plane and out-of-plane C-C bonds in
graphene can be found in our previous work.25
C. Effect of hydrogenation coverage
We have just studied the effect of single H-atom func-
tionalization on the mechanical properties of graphyne. In
reality, a specified coverage of hydrogenation is required in
order to achieve the desired electronic properties. In the
following, we study the effect of hydrogenation coverage on
the mechanical properties. The H atoms are randomly dis-
tributed on the graphyne’s surfaces with different coverages.
The relationship between the hydrogenation coverage and
the fracture stress is depicted in Fig. 6. It can be seen that the
fracture stress exhibits a sharp drop at small H-coverages
(<10%). For example, the fracture stress of 8.3% hydrogen-
ated graphyne is 25.7 GPa, which is only about 50% of the
fracture stress of pure graphyne (50.3 GPa). Therefore, the
fracture stress of graphyne is very sensitive to hydrogenation
at low coverage levels. With further increasing the coverage,
however, the fracture stress decreases gradually and
approaches 22.2 GPa at 100% coverage.
Similar to the fracture stress, the Young’s modulus
undergoes a rapid decrease at low H-coverages (see Fig. 6).
The Young’s modulus of 8.3% hydrogenated graphyne is
0.42 TPa, which is about 80% of that of pure graphyne (0.53
TPa). By further increasing the coverage, the Young’s modu-
lus then decreases slowly. It is noted that the effect of hydro-
genation on the fracture stress and Young’s modulus of
graphyne is similar to that of graphene.25 The coverage-
dependent mechanical properties lies in the fact that a higher
hydrogenation coverage leads to more out-of-plane C-C
bonds, which further weaken the structure.
D. Effect of hydrogenation distribution
In order to achieve a specific electronic property, a graph-
yne with a specially designed hydrogenation distribution may
be needed. In the following, we examine the effect of linear
hydrogenation distribution on the mechanical properties of
graphyne. In the linear hydrogenation distribution, we first
study two cases: a line of H-atoms along the y-direction (i.e.,
parallel to the tensile direction) and along the x-direction (i.e.,
FIG. 4. Hydrogenation on site 1 of c-graphyne. (a) Side view and (b) top view of the relaxed structure. (c) Stress distribution before bond breaking. (d) Bond
breaking at hydrogenation location.
FIG. 5. Hydrogenation on site 2 of c-graphyne. (a) Side view and (b) top view of the relaxed structure. (c) Stress distribution before bond breaking. (d) Bond
breaking at hydrogenation location.
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perpendicular to the tensile direction) as shown in the insets
of Fig. 7. In these two scenarios, the coverage is approxi-
mately the same (1%). The simulated stress-strain curves,
together with that of the pure graphyne, are shown in Fig. 7. It
is seen that the fracture stress and fracture strain for the linear
hydrogenation along the y-direction are approximately
47.84 GPa and 0.10, respectively, being slightly lower than its
pure c-graphyne counterpart, which are 50.25 GPa and 0.11,
respectively. This implies that the linear hydrogenation along
the same direction as the tensile loading only has a marginal
effect on the fracture stress and strain. For the linear hydro-
genation along the x-direction, however, its fracture stress and
strain are only 31.12 GPa and 0.06, respectively, showing sig-
nificant drops (36.6% and 45.4%, respectively) from its pure
c-graphyne counterpart. This means that a linear hydrogena-
tion perpendicular to the tensile loading direction can cause a
considerable deterioration in the fracture properties of c-
graphyne. Similar results were also obtained in previous study
on methyl functionalized graphene.37
FIG. 6. Variations of fracture stress and Young’s modulus of c-graphyne
with respect to different hydrogen coverages. FIG. 7. Stress-strain curves of hydrogenated c-graphyne with H atoms in a
line perpendicular and parallel to tensile direction.
FIG. 8. Stress distributions and fracture behavior of hydrogenated c-graphyne with H atoms arranged in a line parallel to the tensile direction. (a) Initial struc-
ture. (b) Stress distribution before bond breaking. (c) Bond breaking at a hydrogenated location. (d) Bond breaking at non-hydrogenated region. (e) Crack evo-
lution. (f) Rupture of structure.
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The effect of linear hydrogenation is further investigated
by performing a simulation case with the hydrogenation line
oriented at 60 from the tensile direction. The obtained frac-
ture stress and fracture strain are very close to these obtained
with the hydrogenation line oriented at 90 from the tensile
direction (i.e., perpendicular to the tensile direction). As the
linear hydrogenation in the 60 scenario is also distributed
across the whole cross section of the c-graphyne, similar to
the 90 one, therefore, the two scenarios show approximately
the same fracture stress and strain.
In the following, we examine the fracture initiation and
propagation of the linearly hydrogenated graphyne at the at-
omistic level. For the graphyne with a hydrogenation line
parallel to the tensile direction (Fig. 8(a)), the stress distribu-
tions and fracture processes are shown in Figs. 8(b)–8(f).
The hydrogenation leads to the transition of local carbon
atoms from sp2 to sp3 hybridized. As the sp3 bonds are lon-
ger than sp2 ones, a reduced local stress can be observed (see
Fig. 8(b)). Although the stresses at the local hydrogenated
region are lower than the non-hydrogenated region, the bond
breaking is still initiated at the lower stress region (see
Fig. 8(c)), which clearly ascertains that hydrogenation weak-
ens the local C-C bonds. After the crack is nucleated in the
hydrogenated region, it propagates to the non-hydrogenated
region (see Figs. 8(d) and 8(e)), and finally results in rupture
of the whole structure (Fig. 8(f)).
For the graphyne with a hydrogenation line perpendicu-
lar to the tensile direction (Fig. 9(a)), the stress distributions
and fracture processes are shown in Figs. 9(b)–9(f). Although
hydrogenation reduces the local stress (see Fig. 9(b)), bond
breaking still starts at the hydrogenated region (Fig. 9(c)) due
to the weakened local C-C bonds arising from hydrogenation.
Thereafter, the crack propagates along the hydrogenated line
(see Figs. 9(d) and 9(e)) and breaks the whole structure (see
Fig. 9(f)).
IV. CONCLUSION
In summary, we have investigated the mechanical prop-
erties of hydrogenated graphynes under uniaxial tension by
using MD simulations. The simulation results clearly show
that hydrogenation exerts adverse effects on the mechanical
properties of graphynes. The degree of deterioration is
closely related not only to the percentage of acetylenic link-
ages in the graphyne structures but also to the hydrogenation
location, coverage, and distribution. A significant reduction
in fracture stress is observed in the linearly hydrogenated
graphyne where the H-atoms are distributed perpendicularly
to the tensile direction. The fracture stress and Young’s mod-
ulus decrease rapidly at low coverage levels (i.e., smaller
than 10%) and subsequently level off with increasing cover-
age. The underlying reason for the deterioration of the
FIG. 9. Stress distributions and fracture behavior of hydrogenated c-graphyne with H atoms arranged in a line perpendicular to the tensile direction. (a) Initial
structure. (b) Stress distribution before bond breaking. (c) Bond breaking at a hydrogenated location. (d) Bond breaking at more hydrogenated locations and
crack nucleation. (e) Crack evolution. (f) Rupture of structure.
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mechanical properties induced by hydrogenation is due to
the formation of weakened out-of-plane C-C bonds at the
local hydrogenated region. The present study not only offers
an in-depth understanding in the mechanical properties of
hydrogenated graphynes and their fracture mechanisms but it
also presents an important database for the design and practi-
cal applications of hydrogenated graphynes.
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